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ABSTRACT

Metals-additive manufacturing (MAM) is enabling
unprecedented design freedom and the ability to produce
significantly lighter weight parts with the same performance,
offering the possibility of significant environmental and
economic benefits in many different industries. However, the
total production costs of MAM will need to be reduced
substantially before it will be widely adopted across the
manufacturing sector. Current topology  optimization
approaches focus on reducing total material volume as a means
of reducing material costs, but they do not account for other
production costs that are influenced by a part’s structure such as
machine time and scrap. Moreover, concurrently optimizing
MAM process variables with a part’s structure has the potential
to further reduce production costs. This paper demonstrates an
approach to use process-based cost modeling in MAM topology
optimization to minimize total production costs, including
material, labor, energy, and machine costs, using cost estimates
from actual MAM operations. The approach is demonstrated in
a simple case study of a Ti64 cantilever produced with electron
beam melting (EBM). Results of a concurrent optimization of
the part structure and EBM process variables are compared to
an optimization of the part structure alone. The results show
that, once process variables are considered, it is more cost
effective to include more material in the part through a
combination of (1) building additional thin trusses with a faster
laser speed and (2) increasing the thickness of other truss
members and decreasing laser velocity to create larger melt
pools that reduce the number of passes required, thereby
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reducing build time. Concurrent optimization of the part’s
structure and MAM process parameters leads to 7% lower
estimated total production costs and approximately 50% faster
build time than optimizing the part’s structure alone.

1. INTRODUCTION

Metals-additive manufacturing (MAM) has the potential to
offer unprecedented design freedom by allowing complex
geometries to be created that are impossible or cost prohibitive
to produce through traditional manufacturing methods [1]. It is
also enabling the production of significantly lighter weight
parts with the same performance, offering the possibility of
significant environmental and economic benefits in many
industries, including aerospace, medical, and energy [1-3].
However, relatively high production costs of MAM are
preventing widespread adoption across many manufacturing
sectors [1, 4]. Studies have demonstrated that optimizing the
structural design of MAM parts can help decrease material
usage, and therefore material costs, while maintaining part
performance [5-7]. The classic topology optimization
formulation minimizes compliance or stress subject to a
constraint on the total volume [8-11], representing a proxy for
material costs [12-16]. However, a part’s topology also
influences production costs through means other than the costs
associated with the material contained in the final part. For
example, scrap and energy costs depend on where exactly
material in the machine build envelope is added to a part and
where it is not [4]. Furthermore, MAM process variables, such
as laser power and speed, influence production costs associated
with machine time and energy as well as material properties



[17]. Concurrent optimization of MAM process variables and a
part’s topology therefore has the potential to further reduce
production costs. While the potential to optimize AM process
parameters and part topology has been discussed in literature
[18, 19] and empirical case studies have been presented to
optimize process parameters given a fixed topology [20-25], no
previous literature has concurrently optimized a part’s topology
as well as process variables. Moreover, no existing
methodologies have been developed to minimize total
production costs in a topology optimization, which, as we
discuss, can lead to significantly different part designs than the
standard topology optimization formulation.

In this paper, we demonstrate a production cost
minimization approach for MAM that concurrently optimizes
the part structure and process variables, including laser power
and velocity (Figure 1). The approach is developed by
integrating efficient topology optimization, process-based cost
modeling (PBCM), and MAM process/solidification mapping
between process variables and microstructure. The main focus
of the paper is to present the methodology and demonstrate that
accounting for the influence of both structural design and
MAM process parameters on total production costs can lead to
different design topology solutions that have more material
usage but lower total production costs compared to solely
optimizing the structure.
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Figure 1. Cost minimization framework. The dashed lines
contain the elements included in the concurrent optimization
but not the optimization of structural design alone.

2. LITERATURE REVIEW

We draw on three different methods to develop the
methodology presented in this paper: topology optimization,
process-based modeling, and process mapping for MAM. This
section describes these methods and reviews past work relevant
to AM.

2.1 DESIGN AND TOPOLOGY OPTIMIZATION FOR

ADDITIVE MANUFACTURING

Due to the unique capabilities of additive manufacturing
(AM), new methods and tools are needed to improve design for
AM (DFAM) to maximize product performance [12]. One class
of methods ripe for adaptation for DFAM is topology
optimization—a powerful technique in structural design that
optimizes the shape and material connectivity of a domain
through the use of finite element methods together with various
optimization techniques [8, 26]. Topology optimization has
been extensively applied for designing AM parts [13, 14, 19].
Recent adaptations of topology optimization for DFAM include
considering the constraints of support structures [15], internal
patterns [27], as well as applications in design of cellular
structures [28], heat sinks [16], and tissue scaffolds [7].
However, these existing topology optimization approaches have
not yet considered the influence of AM structural design on
total production costs or the significance of considering process
variables in reducing these costs. Density-based topology
optimization approaches are one of the available methods in the
literature [11, 29, 30]. These methods approach the design
problem in a way that the structure is defined by optimizing the
material distribution in the domain. Since each finite element
within the design domain is defined as a design variable, these
methods provide extensive flexibility in design allowing the
resulting geometry to be highly complex. The objectives of
most existing AM topology optimization approaches focus on
minimizing compliance, or maximizing stress safety factors of
the structure with respect to the density of elements within the
part [31], but they do not consider the production cost of AM.

2.2 COSTS OF AM PROCESSES AND PROCESS-

BASED COST MODELING

A variety of studies have been conducted to identify the
main factors that influence AM production costs. Thomas et al.
performed a literature review of economic studies and cost
models of polymeric and metallic AM processes [4]. Hopkinson
and Dickens analyzed the costs of polymeric AM and compared
them with the cost of injection molded parts [32]. Ruffo et al.
developed an AM cost model that estimated different cost
drivers for powder based selective laser sintering processes
[33]. Other AM cost models and prediction tools have been
developed by Lindemann et al. [34, 35], Baumers et al. [17,
36], and Rickenbacher et al. [37]. In these studies, material
usage, build time, laser power, scan speed, hatch spacing, and
production volume have all been found to significantly
influence production costs.

Despite this work identifying the major factors that drive
AM costs, studies that incorporate cost assessment to support
DFAM are limited. Yim and Rosen developed an AM selection
tool based on cost estimation [38]. Yao et al developed a cost-
driven design methodology for AM platforms in product
families [39]. These studies guide the selection of different AM
techniques based on the lower-cost methods, but none of them
offer an optimization approach to select AM designs that
minimize production costs.
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Process-based cost modeling (PBCM) was developed for
assessing the economic performance of new technologies under
changing design specifications and manufacturing operations
[40]. The method is based on simulating production process
parameters (e.g., cycle times, yields, scrap rates) depending on
the physical design of a part (e.g., geometry, material selection)
and the process design (e.g., manufacturing steps and
equipment) to highlight the implications of changing design
variables and operating conditions on production costs. PBCM
has been applied to analyze the production costs of new
technologies or designs such as composite automobile body
production [41], electronic semiconductor chip design [42] and
optoelectronic transceiver assembly [43]. Laureijs et al.
demonstrated the potential of using PBCM for MAM by
analyzing the cost competitiveness of an MAM engine bracket
compared to a comparable design produced by forging [44].
Because PBCM is focused on analyzing the production costs
associated with alternative design solutions, we chose PBCM as
the methodology to account for production costs in a MAM
topology optimization in this study.

2.3 PROCESS/SOLIDIFICATION
ADDITIVE MANUFACTURING
The process variables of MAM machines not only

influence the production costs, but also determine the process
characteristics (e.g., melt pool dimensions) [45], material
microstructure (e.g., grain size, porosity) [46], and material
properties (e.g., strength, fatigue) [47, 48]. Process and
solidification mapping were developed by Gockel et al. [45,
49], Beuth et al. [50, 51], Montogomery et al. [52], and Seifi et
al. [47] to predict and control the desired MAM process
outcomes through melt pool and microstructure forming
through production. The absorbed laser power and the laser
moving speed determines the local cooling rate of the material,
which directly influences the melt pool geometry, the grain
morphology and grain size. For Ti64, higher laser power or
lower laser speed leads to larger melt pool area and larger grain
size, which reduces the yield strength of the material [53-55].
Studies have found that the grain size of Ti64 in MAM is
approximately linear to the melt pool width [53], and the yield
strength of the metal is approximately linear to the inverse
square root of grain size by the Hall-Petch strengthening
relationship [56]. We use the results of these studies to
represent the relationships between MAM process variables and
material properties in order to minimize production costs
subject to a part’s performance constraints.

MAPPING FOR

3. METHOD

3.1 MAM PRODUCTION COST MODEL

In order to minimize production cost of MAM processes,
a general mathematical representation of MAM production cost
is developed based on the typical PBCM approach. Estimates
for each of the constituent factor costs in the model are taken
from data collected from MAM operations in fourteen
companies according to Laureijs et al. [44].

The production costs that are influenced by structural
and/or process variables are broken into two categories: those
that contribute to material-based costs and those that contribute
to time-based costs [4]. The material-based costs include the
material required for printing the design of the part, and
material scrap that is lost during powder recovery and
recycling. The time-based cost includes the machine cost
amortized by the production time necessary to produce the
required throughput yield, the energy cost, and other costs
depending on the production time such as labor required to run
the machine. Since the goal of the paper is to demonstrate the
design difference driven by incorporating cost minimization,
structural optimization, and process variables, other production
costs that are not affected by structural or process variables,
such as management overhead costs, are not included. The cost

formulation is as follows:
t

C(Vparer . P) = AyVpare + At + A3f Pdt+A4A, (1)

to
where V is the volume of the part, P is the power required for
printing, and t is the total production time required for the
part. A; are coefficients that characterize MAM machines and

factor input costs such as labor and electricity (Table 1). The
detailed derivation is documented in ANNEX A.

Table 1. Formulation of the constituent factor costs

Coefficient Unit Formulation

description
A; | Material cost | $/cm3 cmp(1—1n)
A, Manufacturing $/min Cinvest T Cmaintain * L

L+H
cost
+ Clabor
A Energy cost $/Wh Celec
A, | Scrap and idle $ CmPNVenvelope + CetecPot
electricity cost

The constituent factor costs applied in this cost model—
material price, c,,, machine price, Cipest, Maintenance cost,
Cmaintain> 1abOT COSt, Cigpor, ENEIEY COSt, Cepoc, and scrap rate,
n—are based on the PBCM data developed by Laureijs et al.
[44]. The data were based on the EBM process with Ti64
produced in the United States with an annual production
volume of 13,500 or greater.

3.2 PROCESS MAPPING

Total required production time is one major driver of
production costs in the formulation shown in equation 1. The
time is composed of the setup time, laser sintering time, powder
delivery time, and cooling time [17]. For simplicity, we assume
that the setup time and cooling time are the same for any print
jobs since the geometry has limited influence on these time
factors [17]. Additionally, we assume that powder delivery time
is constant if the layer thickness and the z-axis height of the
part is the same. The production time can therefore be
represented as:
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t = tyyua + to )
where t, is a constant, and t,,;4 depends on the design and
process parameters.

As discussed in Section 2.3, process-solidification maps
have been developed for different MAM processes and can be
applied in controlling or predicting melt pool geometry with
certain process parameters (e.g., absorbed power, aP, and
velocity, v) [45]. The approximate analytical descriptions of
the process-solidification map can be derived from the
Rosenthal equation [57, 58]. Following this approach, the melt
pool area, A, the melt pool depth, d, and the melt pool width,
W, can be estimated as:

_maP+a, aP + a,

3)

— 0EW = \/7 ’Z(alaP +a,) 4)

where a; and a, are constant factors that relate to the
material. Assuming half overlap between melt pool in the
building process to ensure full melting, t,,;;4 in every layer
can be estimated as:

tpuila =fidF=f +dF (5).
u vd 2v(a,aP + a,)

where T is the full building envelope area in every layer. As a
result, the production cost can be formulated as a function of
part volume, laser power, and laser velocity.

In addition to the influence they have on production costs,
melt pool dimension directly influence the microstructure of a
material and the mechanical properties of a part. Studies have
found that the grain size of Ti64 in MAM is approximately
linear to the melt pool width [53], and the yield strength of the
metal is approximately linear to the inverse square root of grain
size by the Hall-Petch strengthening relationship [56]. Based on
the process mapping and Hall-Petch strengthening relationship
[53-56], the yield strength can be formulated as:

b, 2(a;aP +a,) 1
0y =——=+0a, =as[——] 4 +a, (6).

v dgrain nv

The parameters b; and a, are coefficients estimated
based on Hall-Petch strengthening relationship, and a3 is a
parameter proportional to by that is experimentally
determined for the specific material.

As displayed in Figure 2, the yield strength of the MAM
material can be approximately estimated from the process
parameters (absorbed power, aP, and velocity, v) through
melt pool dimension and grain size estimated by the process
mapping. Importantly, because laser speed and power affect the
melt pool size, they also influence the number of passes of the
laser that are required to build the same part. Figure 3 illustrates
how laser speed affects the number of passes required of the
laser path under the same laser power.
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Figure 2. Demonstration of process mapping of MAM
processes for Ti64. The process variables at the same line leads
to the same yield stress.
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Figure 3. Illustration of the influence of laser speed, melt
pool size, and the number of passes to cover a building area.

3.3 TOPOLOGY AND PROCESS OPTIMIZATION

A density-based approach and a modified SIMP method are
applied for topology optimization. Heuristic relationships are
applied between element density, x; , element laser power, P;,
element laser velocity, v;, element Young’s modulus, E;, and
yield strength, Y;, given by:

E (x ) = mm + xp(EO - Emin) (7)
Y (xl’ Pl’ Vi ) mln + xp(o-y len)
2(a,aP; + ay)] *
Y + 2Pl [M] ®)

+ as — mln}

where E,;;, and Y, are the elastic modulus and yield
strength of the void material, respectively, and p is the penalty
factor. E, is the Young’s modulus of the material. In order to
avoid numerical difficulties such as the checkerboard issue
[59], sensitivity filters are applied to the element density, laser
power, and velocity based on [60]:
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- Yjen, HyV jx;

- 9
l szNl HUV} ®

N; = {j: dist(i,j) < R} (10)
Hy = R — dist(i, ) (11)

where N; is the neighborhood of element x; with volume V;,
with sensitivity filters. With discretization using hexagonal
elements and equation (5), the time estimation and production
cost function can be written as:

ey
touia(Vi, P) = Z Nitpass, = Z %%

i 4
Zl . (12)
B XY v (a,aP; + ay)

C(xl-, Pi' Ui) = Allxlylz Z X
i

is a weight factor, and X, represents the updated density

1
+ Azlxly\/EZ[zvi(alaPi +a,)] 2 13

L
+ AL LT Z P,[2v;(a,aP;

1
+ay)] 2 + Ay + Axty
where N; is the number of passes, tpass; is the time for each

pass of the laser, and [, [,, and [, are the length of the
element at X, y, and z directions, respectively.
The compliance of the structure is applied in the topology
optimization as:
¢o (%) = E;(R)ui kou; (14)

where kg is the element stiffness matrix for an element with
unit Young’s modulus and €, is the unit constitutive matrix.
The maximum of the compliance allowed within the structure is
given by:
Comay (% P.7)
N v AT = (15)
= Ei(xl_)kzyiT(x,P,V)(Co ) Yi(x,P,v)
where Y; is the element yield strength matrix and k is the
safety factor. The derivation can be found in the ANNEX A
The mathematical formulation of the optimization problem
is as follows:
min: C(X,P,)
x,Pv
subject to:hy(X) = KU—-F =0
G@®=V@®/No-f<0
92(% P, %) = c,(¥) — ¢, (%P, 7) <0
And y ={0<x<10<P<P,0<v<uv,}

where C is the production cost, ¢, is the compliance, U and
F are the global displacement and force vectors, K is the
global stiffness matrix, and u; is the element displacement
vector. P, v, and x are the product and process design
variables, specifically laser power, laser velocity, and elemental

density, respectively. N is the number of elements used to
discretize the design domain, V(X) and V, are the material
volume and design domain volume, and f is the prescribed
volume fraction.

3.4 NUMERICAL IMPLEMENTATION AND TEST CASE

A basic cantilevered beam (Figure 4) was used as the case
study to demonstrate the developed methodology and the
design improvement enabled by the concurrent optimization. A
distributed vertical load is applied downwards on the lower free
edge, while the prismatic design domain is fully constrained at
the other end. Considering data availability, the MAM process
is assumed as EBM, and the material is assumed as Ti64 alloy.
Table 2 summarizes the basic parameters that are applied in the
optimization algorithm.

F

Figure 4. Loading conditions used in the case study
demonstration.

Table 2. Input parameters to the algorithm

Parameter Description Unit Value
Cm Material unit cost $/kg 250
D Density g/cm3 4.5
n Scrap rate % 0.1
Cinvest invi\gt?:l}elilr;iost 10008 1100
Craintain Maintenance cost 1000$ 50
L Life time year 7
Annual working
H . h/year 7000
time
Clabor Labor unit cost $/h 26
Celec Electricity unit cost $/1§wh 0.03
a P-V coefficient W 0.000302
min
a absorb ratio - 0.9
a, P-V coefficient in’/min -0.08941
as Property coefficient (ul\r/flr;%'s 519.7
a, Property coefficient Mpa 772.2
Young's modulus of
Emin Vogid material Gpa 10-9
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E, Young's modulus Gpa 100
Yield strength of
Ymin void material Mpa 10-6
L, ly, I, element length cm 1
P, Initial value for W 2000
power
vo Initial Val.ue for in/min 40
velocity
F Applied force kN 10000
p Penalty factor - 3
Number of element

n, - 60

in the x direction

Number of element
Y in the y direction

Number of element
in the z direction

The optimization is implemented with MATLAB based on
the efficient 3D topology optimization code developed by Liu
and Tovar [61]. The solution is determined using trust-region
sequential quadratic programming. Derivatives and Hessians of
the objective and constraint functions were analytically derived
and applied in the algorithms to reduce computing efforts.

4. RESULTS AND DISCUSSION

Figure 5 shows the comparison of the optimization of the
3D cantilever beam using two different formulations. Figure
3(a) shows the design solution that minimizes total production
costs with respect to the structure but does not consider process
variables, i.e. P and v are set as the initial values. Figure 3(b)
shows the design solution that minimizes total production costs
using a concurrent optimization of the structure and process
variables. By optimizing P and v for each element, the
concurrent solution It contains additional truss structures that
have thinner truss members with high yield strength that are
produced with relatively fast laser speed, while also containing
thicker trusses in parts of the top and bottom members that are
produced with larger laser power and lower laser speed to
achieve faster build rate with fewer passes than the previous
design. The difference between the designs highlights that
considering process parameters in addition to structure can lead
to unique topology solutions for MAM production. The
comparison shows an advantage of applying less material in
parts of the structure with fine microstructure led by higher
laser power and speed, and building more material in other
locations with fewer passes by decreasing laser speed, which
can only be realized with the concurrent optimization.

Table 3 summarizes the production costs and build time
associated with the two different optimization formulations.
The concurrent optimization solution shows 7% lower total
production costs and 51% faster build time compared to the
design of the structural optimization that does not consider
process variables. The speed improvement is led by optimizing
the structure and process concurrently. In the latter design, the

laser speed and laser power is optimized (ranging from 35-
240% of the initial value throughout the part). The slower laser
speed leads to larger melt-pool size, requiring fewer passes and
thereby reducing build time, but also resulting in larger grain
size in the trusses that decreases the yield strength. The reduced
yield strength compensated by the additional material and
structure applied in the design, which increases material usage.
Overall, the total production costs are reduced by considering
both structure and process variables. The cost improvement is
majorly driven by shorter build time, which leads to savings of
62% machine cost, 51% labor cost, and 48% energy cost. Note
that material use increases in this optimization solution, leading
to a 31% increase in material cost compared to the design result
from solely optimizing the structure, although total production
costs are lower with this solution.

a) Cost minimization with only density as changing variables

b) Cost minimization with density, laser power, and laser
velocity as changing variables (design (a) shown in blue for
reference)

Figure 5. Design comparison between sole optimization of
structure (top) and concurrent optimization of structure and
process parameters (bottom) in minimizing production costs.

The cost savings are sensitive to the unit material cost and
the annual operation hours for MAM machines that assumed in
the model. The reduction in total MAM production costs of 7%
using the concurrent optimization of structural and process
variables found in this study is likely a lower bound for the
following reasons: (1) Ti-64 powder is a relatively expensive
material (~$250/kg) so the cost difference is likely to be
significantly larger for materials such as steel and aluminum
(~$80/kg); (2) the annual operation hour (~7000 hours/year) for
the MAM machine is assumed as the maximum suggested by
the machine supplier [62], and the cost improvement could be
much larger if annual operating hours are lower. In fact, we find
that concurrent optimization leads to a 34% cost reduction if
the annual operating hours are assumed to be 2000 hours/year
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as suggested by [63]. This cost difference is enough to
determine whether AM or conventional manufacturing methods
are the least cost option for producing a part [62]. Therefore,
the results imply that it may be important to consider process
parameters concurrently with a part’s structural design when
considering whether to manufacture a part with MAM.

Table 3. Cost and time comparison between designs
considering different variables

Concurrent
o Improvement
Solely optimizing
. from
optimizing | structure and
concurrent
structure process S
optimization
parameters
Build time 11.6 min 5.7 min 51%
Total cost $816.9 $761.7 7%
Material cost $491.2 $641.3 -31%
Machine cost $320.7 $120.4 62%
Labor cost $5.0 $2.5 51%
Machine $0.01 $0.005 48%
energy cost

5. CONCLUSION

This paper demonstrates a cost-minimization approach for
MAM topology design that concurrently optimizes the structure
and process parameters. The approach demonstrates the
capability to reduce total production costs by incorporating a
process-based cost model into a topology optimization
framework. Additionally, MAM process mapping is combined
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ANNEX A

DERIVATIONS OF COST AND OPTIMIZATION EQUATIONS

The production costs can be broken into material based
costs and time-based costs. The material-based costs include
the material required for printing the design of the part and
material scrap that is lost during powder recovery and
recycling. The time-based cost includes the machine cost
allocated to the production time, the energy cost and other costs
depending on the production time such as labor. The production
costs can be written as

C= Cmat + Ctime
= mat,part + Cmat,waste + Ctime,machine
+ Ctime,labor + Ctime,energy
where Cpgipare 18 the material cost of the part, Crgrwaste 1S
the cost of the waste material, Ciimemachine 1 the amortized
cost of the AM machine, Cime1apor 1S the cost of labor, and
Ctime,energy 18 the cost of energy.
Cmat,part = Cmprart
Cmat,waste = Cmpn(Venvelope - Vpart)

Cinvest + Cmaintain * L

Cmacht = L+ H t

Ctime,machine -

Ctime,labor = Clabort

Ctime,energy = f Celec(P + Pﬂ)dt
t

0
where ¢ is the unit price or cost of different segment, p is the

material density, V is the volume of part or machine build
envelope, t is production time for the part, L is machine life
time, H is the machine annual operation time, P is the power
required for printing and P, is the stand-by power required for
MAM machines. The cost formulation can be further reduced
to:

C= Cmprart + Cmpn(Venvelope - Vpart)

Cinvest T Cmaintain * L

. L«H
+f Cetec(P + Py)dt
t

0
= Cmp(l - n)Vpart
(Cinvest + Cmaintain * L
. LxH

+ Celecf Pdt + Cmanenvelope + CelecPOt
t

0

t+ Clabort

+ Clabor) t

t
= Alvpart + Azt + A3f Pdt + A4
to
The Rosenthal equation is as follows:

. v
T = 21k (Tsotigus — TO)(Tliquidus —To) a_P

where T is the cooling rate, Tso;gys and Tyiquiaus are the
liquidus and solidus temperatures, and T, is the plate
temperature.

The maximum compliance of the structure is derived by
¢ () = E(®)uf kou; = E;(Z)u] (B{ C,B)u;
= E;(%)(uf B{)Co(Biuy)
= Ei(z)(calai)TCo(Calai)
= Ei(fl)UiT(Co_l)TO'i
< E@RYT(Co ™) kY,
= E,@)kY (%P, %)(Co ) ¥i(%, P, D)

with
=Y, (xu P, vl) Ynin + X; (Uy Ymm)
2(a,aP; + a,)
=Ymin + xp{ [;]
- mln}

and k is the safety factor.
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